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ABSTRACT 


Preliminary estimates of Space Shuttle fluctuating pressure 
environment* have been made based on analyses of wind 
tunnel data c.nd empirical prediction techniques developed 
by Wyle Laboratories. Particular emphasis has been given 
to the External Tank and Solid Rocket Boosters for the tran- 
sonic speed regime during launch of a parallel-burn Space 
Shuttle configuration. Predicted environments are presented 
as space-averaged zonal profiles with progressive shading 
from zone to zone to illustrate spatial variations in the mag- 
nitude of the fluctuating pressure coefficient over the surfoces 
of the External Tank and Solid Rocket Boosters. Predictions 
are provided for the transonic Mach number range from 
0.8 < ^ 1 .5 and for supersonic Moch numbers of 2.0 

and 3.0. 
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’-.0 INTRODUCTION 

During launch and flight through thj atmosphere, the external surfaces of the Space Shuttle 
vehicles will be exposed to high intensity acoustic fluctuating pressure environments. These 
environments will be critical to the design and success of the complete Spoce Shuttle system. 
In order to ensure structural integrity, reliability, and the economic operational requirements 
of the Space Shuttle, accurate definition of the critical aerodynamic flow fields and the 
attendant acoustic environments which will be encountered during Space Shuttle flight is 
required at the earliest possible time during the development stage. V/yle Laboratories has 
engaged in a research program under NASA-MSFC Contract NAS8-30535 to define the fluc- 
tuating pressure environments on the Space Shuttle during ascent flight. 

During the early phases of this program, oil flow pictures and shadowgraph photographs from 
Space Shuttle wind tunnel tests were analyzed to define the significant flow regimes over 
the Space Shuttle, Sketches depicting the location and areal range of these flow regimes 
were prepared for both the Solid Rocket Booster (SRP) and the External Tank (ET). Analytical 

predictions of normalized fluctuating pressure coefficient were then made for the 

areas of interest on the ET and SRB. These p edicted V values were refined by com- 

parison with Spoce Shuttle wind tunnel data. This information was then compiled to indicate 
zones of equivalent fluctuating pressure on the ET and SRB surfaces. 

The predicted fluctuating pressure environments resulting under this program are as detailed 
and precise as the presently available wind tunnel flow visualization and fluctuating pres- 
sure data will allow. 

Section 2.0 contains a brief description of various types of fluctuating pressure environments 
experienced by the Space Shuttle vehicle. Presented in section 3«0 ere the general predic- 
tion formulae used to estimate the fluctuating pressure environments on the Space Shuttle. 
Section 4.0 discusses the aerodynamic flow regimes of interest on the External Tank and 
Solid Rocket Boosters and presents the flow visualization data used to define these flow 
environments. 

Presented in section 5.0 are fluctuating pressure estimates for the Space Shuttle E/ternal Tank 
and Solid Rocket Boosters, and section 6.0 contains concluding remarks. 
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2.0 FLUCTUATING PRESSURE ENVIRONMENTS 

When Q vehicle moves through air there are two basic means by which it can produce noise: 
(1) by its propulsion mechanisms (motor-jet, rocket, etc.), and (2) by its interaction with 
its surroundings. At low speeds, for example, during and immediately after lift-off, the 
first of these is by far the dominant one, while near or above the speed of sound the second 
becomes important. 

During any flight cycle for an aerospace vehicle, there are four importont phases of the flight 
which should be Investigated in order to assess the environmental trends due to acoustic and 
fluctuating pressures. These are listed in the chronological order in which they occur. 

• Lift-off phase during which acoustic excitations result from the 
exhaust noise. 

• Launch flight to orbit phase, during which rocket exhaust noise 
diminishes and aerodynamic fluctuating pressures (pseudo-sound) 
start to dominate. From an aerodynamic noise viewpoint, this 
phose becomes most criticol at tronsonic Mach numbers (0.8 5 
M < 1.5). 

• Reentry phase during which only aerodynamic fluctuating pressures 
are present. 

• Flyback phase during which the noise from flyback engines dominates. 

This report is devoted to the specification of surface fluctuating pressures resulting from 
unsteady aerodynamic flows which occur during the launch phase of flight since this is con- 
sidered to be the primory area of study for this contractual effort. Inflight surface fluctuating 
pressures are distinctly different from acoustic disturbances originating from rocket exhaust 
flows and engine noise. Inflight disturbances, as considered herein, arise from several modes 
or disturbances — the principal source being the passage of a turbulence environment over 
the external surface. One other important source to be discussed is shock-wave oscillation 
which is characterized by both turbulence (In close proximity to the foot of the shock wove) 
and pseudo-static disturbances resulting from the modulation of the pressure gradient through 
the shock wave. Thus, inflight fluctuating pressure phenomena are neor-field mechonisms 
acting on the surface of a vehicle with the distinction that the disturbonces are generolly 
convected at some froction of the local mean flow velocity. On the other hand, rocket 
noise and engine noise are acoustic mode disturbances which generally originate away from 
the surface. Furthermore, acoustic mode disturbances consist of sound woves which propoggte 
at the local speed of sound with a direction Independent of the local velocity. 

Two specific areas are considered in the present study: (1) "basic" flu ctuating pressure 
environments which will occur on virtually all aerospace vehicles during some phase of 
flight, and (2) "special" fluctuating pressure environments which are unique to the Space 
Shuttle configuration and mission parameters. Under the first category fall such environments 
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as attached turbulent boundary layers, separated flows and certain shock-oscll lotion 
environments. Other environments which are more dependent on configuration and mission 
parameters are certain types of shock-wave impingement, protuberance flows, wake and 
base flows, rocket plume interference, and rocket exhaust impingement. Distinction is made 
between the two areas since the "basic" fluctuating pressure environments are dictated by the 
aerodynamic flow field of the overall vehicle; whereas, the "special" fluctuating pressure 
environments accompany relatively localized flow fields which are essentially superimposed 
upon the basic flow field. 

There are an infinite number of possible aerodynamic flow fields, each affected by vehicle 
trajectory, Mach number, and vehicle configurations; any discussion of their fluctuating 
pressure environments must therefore be general . Unsteady flow phenomena are of particular 
Importance at transonic speeds, since in this range, fluctuating pressures reach maximum 
levels due to their proportionality to dynamic pressure (q). However, peak fluctuating pres- 
sures do not necessarily occur at maximum dynamic pressure for certain regions of a vehicle 
due to the nonhomogeneous nature of the flow field. For exomple, regions of the vehicle 
exposed to separated flow and the impingement of oscilloting-shock waves will experience 
fluctuating pressures at least an order of magnitude greater thon regions exposed to attached 
flow. Thus, if separated flow and oscillating-shock waves are present, soy at Mach numbers 
other than the range of maximum dynamic pressure, then peak fluctuating pressures will also 
be encountered at conditions other than at maximum q. Thus, it is easily seen that the param- 
eters mentioned above are very Important in the specification of fluctuating pressure levels. 

In order to assess the fluctuating pressure environments for a vehicle of unique geometry, 
such as the Space Shuttle vehicle, it is convenient to develop prediction formulae for the 
statistical properties of the fluctuating pressures for each basic type of unsteody flow field. 
From previous wind tunnel tests and flight data, the following unsteady flow fields have been 
identified as sources of fluctuating pressures: 

a) Attached turbulent boundary layers 

b) Separated flows: 

1) Expansion Corners 

2) Compression Corners 

c) Oscillating shock waves; 

1) Transonic terminal shock 

2) Supersonic compression shock 

3^ Supersonic impinging shock 

d) Wake and base flows 

e) Jet/rocket exhaust flow interaction with the vehicle aerodynamic flow field 

f) Protuberance flows 

g) Rocket exhaust impitigement. 
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During past research programs, not all of these phenomena hove been studied in sufficient 
detail to enable prediction methods to be developed (for example, items d and g). However, 
the other flow fields have been examined sufficiently to provide at least a first-order analysis 
of the attendant fluctuating pressure environments. 

The surface fluctuating pressures for each of the above flow conditions may be expected to 
exhibit different statistical characteristics due to dissimilarities in the mechanisms at work. 
For example, attached flow pressure fluctuations results from the disturbances within turbu- 
lent boundary layers. Separated flow pressure fluctuations result from disturbances within 
the separated shear layer and instabilities associated with the separation and reattachment 
points. Pressure fluctuations for shock-wave oscillation result from the movement of the 
shock wave and the static pressure discontinuity associated with the shock wave. Generally, 
shock-wave impingement occurs in the presence of either attached or separated flow and 
added disturbances result due to the combined environments. Thus, in order to develop pre- 
diction techniques for the many unsteady flow fields which a vehicle may encounter, it is 
necessary to examine each flow field independently, and to define, at least empiriojily, 
the statistical properties of the attendant fluctuating pressure environment. 

The statistical characteristics of eoch fluctuating pressure environment necessary for the 
complete specification of aeroacoustic loading may be classified under four parameters: 

• The fluctuating pressure coefficient, . 

• The nondimensional power spectra. 
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• The cross-power spectra (or narrow band cross-correlation). 

• Trajectory dependent flight parameters, such as Mach number 
and angle of attack, and dynamic pressure. 

In the following section, a summary of the prediction formula is presented together with 
typical comparisons of the predictions with existing experimental data. 
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3.C GENERAL PREDICTION FORMULAE 

Anolyses of various unsteady flow regimes have been performed under this contract for the 
purpose of estimating the attendant fluctuating pressures. This work Is based on the results 
contained in references 1 through 29 and 35. A dutaiied summary of the basic findings and 
predictlot. formulae is presented in Appendix A. The surface fluctuating pressures for both 
"bosic" unsteady flows and certain "speciol" unsteady flows unique to the Space Shuttle 
vehicles hove been reviewed. The resulting empirical formulae have been generalized for 
the various environments in order to achieve: (1) simplicity in their mathematical formula- 
tion, (2) a relationship to the physical parameters of the flow, and (3) good ogreement with 
the available experimental data. As noted in the previc... section, complete definition of 
0 fluctuating pressure environmen' requires thot the fluctuating pressure coefficient, power 
spectra, and cross-power spectra be defined. A brief summary of prediction methods for each 
of these statistical parameters is given in the following subsections for attached flow, sepa- 
rated flow, and shock-wave oscillation. 

3.1 Fluctuating Pressure Coefficient 

The correct method for computing overall fluctuating pressure levels for surfoces beneoth the 
convected turbulence in boundary layers is in terms of the fluctuating pressure coefficient, 

^^/q^ . Here the root-mean square pressure, ^ p^ , is normalized by some charac- 

teristic dynamic pressure. Free-stream dynamic pressure, q , local dynomlc pressure, q , 
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and wall shear stress, , have been used to normalize y p^ so that meaningful dota 

collapse can be realized through the Mach number range. The most generally accepted 
normalizing porameter is q^ and, thus, it is used in the current expressions. 

The effect of Mach number on the normalized rms intensities of the fluctuoting pressures in 
attached flows are shown in Figure 1. There is significant scatter in the date which may be 
attributed to several factors: (1) background noise and free-stream turbulence in the testing 
medium, (2) instrumentation quality and the orecision of the experimental technique, and (3) 
data acquisition and reduction techniques, etc. For the range of Mach numbers covered in 
the data of Figure 1, the normalized rms value of the fluctuating pressure varies from 

J^/q % 0.006 at subsonic Mach numbers to 0.002 at supersonic Mach numbers. Lowson, 


reference 1, proposed the following semiempiricol prediction formula which appears to agree 
with the general trend in the data: 


q = 0.006/(1 +0.14 M^ ) 

CO QD 
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It is important to note that this formulo has some theoreticol basis ond is not strictly an 
empirical approximation of measured results (see reference 1). The use of this formula at 
high supersonic and hypersonic Mach numbers should be done with the understanding that 
it has not been verified in this Mach number range and may lead to significant error. Pre* 
dictions for high supenonic and hypersonic Mach numbers have been developed under o 
previous program and ore presented in Reference 27. However, in the Mach t'umber range up 

to, say M = 3.0, the above equation is in good agreement with experimerrol results. 

00 

The variation of fluctuoting pressure level, normalized by free-streom dytximic pressure, with 
local Mach number for various separoted flow environments is presented in Figure 2. These 
data represent both expansion and compression comers. For expansion comers, the lorgest 
levels occurred at low Mach numbeis and decreased as locol Moch number increased. These 
data represent the region of plateau-static pressure and the tolerance brackets on the data 
represent the variations in fluctuating pressure level within the region of constant static pres- 
sure rather ttian scatter in the measurements. A good empirical approximation to the 
expo ns ion- induced separated flow disturbances is: 

J ”5 / _ 0.045 


This equation is similor in form to that previously proposed for attached turbulent boundary 
layers . 

Fluctuating pressure measurements for the region of plateau-static pressure upstream of 
compression comers exhibit a somewhat different trend with Mach number. In generol/ the 
compression corner data showed an increase in fluctuating pressure level with increasing 
froe-stream Mach number in the range, 1.0 S Mqq < 2.0 — reaching a constont level ot 
Mach numbers above 2.0. Free-stream Mach number is used here because adequote data is 
not available for determining the locol Mach number in the vicinity of the compression- 
induced separated flow region. Derivotion ^f an empirical prediction formula for the fluc- 
tuating pressure levol within compression- induced separoted flows will require further study. 

Generally, shock-wave oscillation produces the most intense fluctuating pressure levels thot 
are usually encountered by o vehicle. Typical shock waves encountered by vehicles ore: 

e Terminal shock waves for regions of transonic flow. 

e Displaced oblique shock waves as induced by the separated flow 
in compression corners at local supersonic speeds. 

• Reottachment shock waves in the vicinity of the reattachment 
point for separated flows generated by both compression ond 
expansion corners. 
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• Impingement shock waves as caused by local bodies such as strap-on 
rockets . 

• Oblique shock waves associated with separated fiow induced by 
highly expanded rocket plume at high altitudes. 

All shock waves may be expected to produce generally similor fluctuotlng pressure environ- 
ments since the pressur^.fluctuotions orise from motion of the shock wave. It has been found 
that the oscillations aic driven primarily by velocity fluctuations in the incoming t‘jrbolent 
boundary layer. The maximum displacement is governed by mean flow conditions, bxcept 
for alternating flow conditions, where oscillation distance is much larger than shock thickness 
and the power spectrum is therefore o Poisson distribution, spectra ond overall levels for 
various shock environments are quite similar. A discussion of shock oscillation and results 
of analytical investigotion ore presented In reference 28, and are summarized in Appendix B. 
The overall level is a strong function of Moch number in the tronsonic regime; typical overall 
levels for terminal shock wove oscillotion ore presented in Figure 3. 



3.2 Power Spectra 

Power spectra represent the distributions of the meon-squore fluctuoting pressure with fre- 
quency. Power spectra for the various fluctuating pressure environments are found to scale 
on o Strouhal number loasis; that is, frequency is normalized by multiplying by a typicol 
length and dividing by a typical velocity. Normalized spectra enable similar, stationary 
flows to be represented by a single spectrum regardless of the scole of the flow field or the 
free-streom velocity. 

Numerous studies hove been conducted to determine the proper parameters to be used to 
nondimens lonalize the spectro for vorious oeroacoustic environments. Unfortunately, the 
choice of parameters which best collapses the data appear to be dependent or' the roture of 
the fluctuating pressure environment. In general, free-streom velocity is used as the normol- 
izing velocity parameter, although a typical eddy convection velocity (itself o function of 
frequency) has been used occasionally. The local convection velocity appears to correspond 
more closely with the physical sltuotion for fluctuoting pressures due to the turbulent eddies. 
Selection of a typical length Is more difficult. Boundary layer thickness, 8, displacement 
thickness, 8*, wall shear stress, r , and momentum thickness, 6, hove all been used by 

D 

various investigators for ottached flow. For separated flow and shock-wave oscillation, 
local boundary loyer thickness and seporotion length have also been used. 

Generally, prior knowledge of the fluctuating pressure is re«.<uired to predict the power 
spectra; however, prediction formulae for the overall levels hove been developed to a limited 
degree, os discussed in section 3,1. 
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Prediction formulae for the power spectra for the various unsteady flows, with the exception 
of shock-wave oscillation, have the following form: 



r .2 / „2 

«(f) U P / "loo 

(3) 




where 

U = characteristic \ _locity 

L = characteristic length 

f = characteristic frequency 

0 

n, k = spectrum shape factor 
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For shock-wrve oscillation, the po\/er spectrum is a combination of power spectra for inviscid 
shock-wave motion as well as contributions from the separated flow near the foot of the shock 
wave. The prediction formula has the follov/ing form: 



'muV . t 

<(''■/ ' 
i ^co / sw 



(4) 


where k w 0.25, the subscripts sw and s denote shock wave and separated flow respec- 
tively, and the superscript I denotes the absence of viscous effects. A complete discussion 
of the power spectra predictions for the various fluctuating pressure environments are presented 
In reference 26. Comparisons of predicted power spectra with experimental data are presented 
for attached flow, separated flow, and shock-wave oscillation in Figures 4, 5, and 6. Also, 
power spectra predictions have been developed for nonhomogeneous attached and separated 
flows (see reference 26). Comparisons of these predictions with experimental data are shown 
In Figure 7 together with attached flow, separated flow and shock-wave oscillation. 


3.3 Cross-power Spectra 

The final requirement In determining the characteristics of the fluctuating pressure environ- 
ment of an unsteady flow field is to define the narrow band, space correlation function or 
co-power spectral density. This parameter is the key function needed to describe an imping- 
ing pressure field on a structure in order to calculate the induced mean-square response of 
the structure (see, for example, reference 17 for the structural response computational 
technique). The spatial correlation properties of a fluctuating pressure field can be obtained 
only from o careful and detailed examination of the flow field at a large number of points. 
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Measurements by several investigators have shown that the co-power spectral density of the 
turbulent boundary layer pressure fluctuations in the direction of the flow can be approxi- 
mated by an exponentially damped cosine function, and the lateral co-spectrol density can 
be approximated by an exponential function. 

The spatial coherence of the fluctuating pressure environments as defined by the co-power 
spectra have been evaluated for the various unsteady flows. The cross-power spectra for 
attached turbulent boundary layers, two- and three-dimensional seporated flows ano 
protuberance- induced wake flows appear to be fairly well defined, at least in the longitudi- 
nal direction. Much uncertainty remains for transverse cross-power spectra in upstream 
separated flows and protuberance wake flows. Both longitudinal and transverse cross-power 
spectra for the regions beneath oscillating shock waves require additional study. 

In general, the normalized co-power spectra for the various fluctuating pressure environments 
can be defined as exponentially damped sinusoids for the longitudinal axis as follows: 


C(5, f) 


-au^/U 
e cos 



(5) 


Along the transverse axis, the normalized co-spectra may be defined by an exponential decay 
as follows: 


-buVU 

Qrj, f) = e ( 6 ) 

where u is the circular frequency, is the convection velocity, and ^ and 17 are the 

longitudinal and transverse separation distances, respectively, and a and b are the coeffi- 
cients of exponential decay. 

The coefficient of exponential decay is a function of the particular environment under study 
and may also depend on free-stream Mach number as well as local flow conditions. Deriva- 
tions of the coefficient of exponential decay are presented in reference 26 for each unsteady 
flow condition where the data was sufficiently well defined to merit an analysis. For attached 
boundary layer flow, the coefficient of exponential decay in the longitudinal direction was 
found to be a = 0.10. For two-dimensional and axisymmetric separated flows, the values 

ranged from 0. 13 at M = 2.5 to 0.33 at M =1 .60. The coefficient of exponential decay 

00 00 ^ 

in the inner and outer regions of three-dimensional separated flows upstream of cylindrical 
protuberances were approximately the same in the longitudinal direction with a value of 
a a 0.7. In the protuberance wake, the spatial decays were clearly defined only in the 
neck and far-wake regions with a value of a 0. 19. Typical co- and quad-spectra are pre- 
sented in Figures 8 and 9 for attached flow and separated flow, respectively. 
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4.0 AERODYNAMIC FLOW FIELDS 

The Space Shuttle launch configuration is a complex combination of several bodies— with each 
major body having a different geometry. The flow field for the mated launch vehicle will 
consist of the individual flow fields of each major body of the vehicle with modified regions 
as generated by the interference and interactions among the flow fields of the various bodies. 
An extensive experimental/theoretical study has been performed to accurately define the 
resulting flow over the mated configuration. The aerodynamic flow field was defined so that 
estimates of surface fluctuating pressure environments on the External Tank and the Solid 
Rocket Boosters could be made. The approach taken was to first analyze the interference^free 
flow field for each major body of the mated Space Shuttle vehicle, and to consider the effects 
on the individual flow fields of predicted flow interference. This information was then used 
to heir/ interpret oil flow diagrams and other wind tunnel data. 

Regions of significant unsteady aerodynamic flow have been identified and located through 
close examination of wind tunnel flow visualization data. These oil flow diagrams and 
shadowgraph photographs indicate the type and location of the various flew regimes over the 
surface of the ET and SRB for a wide range of Mach numbers. These flow regimes are described 
herein as interference-free flow and interference flow environments. 

4.1 Interference-free Flow Environments 

4.1.1 Solid Rocket Boosters — The solid rocket motors are basically cone-cylinder 
missile configurations with a 17.5 degree cone half angle. Cone-cylinder geometries have 
been studied extensively in past years and their unsteady flow fields are fairly well defined. 
For these bodies, the following environments are anticipated: 

• Attached turbulent boundary layer flow 

• Shoulder-induced separated flow (subsonic Mach numbers) 

• Terminal shock-wave oscillation (transonic Mach numbers below 1.0). 

For a cone-cylinder body, the types of unsteady flow conditions which will occur at a given 
Mach number depend on cone-angle, angle of attack, and Reynolds number. Typical flow 
fields for cone-cylinders are shown for the zero angle of attack, interference-free case in 
Figure 10. 

For all Mach numbers, the flow over the nose cones will be attached with the location of 
boundary layer transition occurring as a function of Reynolds number. Flow characteristics 
in the vicinity of the cone-cylinder juncture will vary depending on free-stream Mach num- 
ber, angle of attack, and shoulder angle. For cones having half angles (shoulder angles) 
greater than approximately 10 degrees, the flow will not fully expand over the shoulder at 
subsonic speeds but will separate at the shoulder. A separation bubble is thus formed, with 
reattachment occurring a short distance aft of the shoulder with the axial extent of the bubble 
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depending primarily on cone-angle. At high subsonic Mach numbers, the flow negotiates 
the shoulder without separating, reaches supersonic speed immediately aft of the shoulder, 
and produces a near-normal, terminal-shock wave at some point along the cylinder. The 
boundary layer becomes extremely thin at the shoulder due to the strong expansion fan and 
a new boundary layer is essentially formed at the shoulder. The boundary layer remains 
attached between the shoulder and the shock wave. At the shock location, the boundary 
layer may undergo separation depending on the strength of the shock wave. The shock 
strength is at a maximum corresponding to the initial attachment of the flow at the shoulder 
and decreases in strength as it moves aft with increasing Mach number. At sonic speed, the 
terminal-shock wave will move aft of the body and will be reduced to zero strength. 

For Mach numbers above 1.0, the interference-free flow fields for the SRB will consist of 
attached boundary layer flow and possible shock-oscillation environments corresponding to 
surface protuberances and other geometric irregularities. 

4.1.2 External Tank — The ET is basically an ogive-cylinder configuration. Ogive- 
cylinders have been studies in the past, although not as extensively as the more basic cone- 
cylinder configuration. A key factor in this type of body is the configuration of the shoulder. 

Robertson (reference 30) investigated the effect of introducing a radius at the shoulder of a 
cone-cylinder, with geometry ranging from a sharp corner to an ogive-cylinder. It was found 
that flow separation decreases as shoulder radius increases, with no separation observed for 
ogive-cylinders. Static pressure measurements indicate that the terminal-shock wave on an 
ogive-cylinder is generally weaker and occurs at a higher Mach number than on an equiva- 
lent cone-cylinder. Interference-free flow environments for the External Tank will therefore 
consist of attached boundary layer flow and terminal shock wave oscillation (though not as 
severe as for a cone-cylinder) at subsonic speeds, and attached boundary layer flow for Mach 
numbers above 1.0. As with the SRB, there may also be separated flow and shock oscillation 
environments corresponding to surface protuberances and other irregularities. 


4.2 Mated Vehicle Interference Flow Environments 

The launch configuration of Space Shuttle vehicles will be comprised of four approximately 
parallel bodies, as pictured in Figure 11. Such vehicles have regions of flow interference 
between the various bodies which will result in relatively severe fluctuating pressure environ- 
ments. For other similar configurations, such as Titan III, shock-induced pressure fluctuations 
have been observed at the location of shock impingement from one body onto the surface of 
the other bodies. This phenomenon may be anticipated for Mach numbers starting at approxi- 
mately 1 .2 when the bow shock for the mated vehicle divides into separate bow shocks for 
each major body of the vehicle. Shock impingement will continue to produce severe fluc- 
tuating pressure levels until Booster separation, ET separation, or until the decreases to 

a level sufficiently low that the disturbances are no longer of concern. The following shock 
interference regions will occur; 

1) Bow-shock impingement and shock-boundary layer interaction between 
the SRB end ET due to SRB bow shock. 
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2) Bow-shock impingement and shock-boundary layer interaction between 
the ET and Orbiter fuselage due to Orbiter bow shock, 

3) Shock-boundary layer interaction between the Orbiter lower wing 
surfaces and SRB due to wing leading edge shocks. 

4) Possible tronsonic shock-boundary layer interaction between SRB ar.d 
ET or ET and Orbiter due to transonic terminal shock waves. 

The most severe interference flow regions are anticipated to be in the vicinity of the cone- 
cylinder juncture of the SRB, in the region between the SRB and ET, and in the region of the 
ET beneath the Orbiter nose. The most critical Mach number range is anticipated to be in 
the transonic region (0.80 < M <1.6) corresponding to maximum dynamic pressure, tran- 
sonic buffet phenomena and near-normal shock wave impingement. Downstream of the shock- 
interaction regions, the flow may become choked and a shock-free interference flow and 
fluctuating-pressure levels on the order of those experienced in homogeneous separated flow 
may be expected. 



4,3 ET and SRB Interference and Interference-free Flow Diagrams 

Shadowgraph and oil flow photographs of the flow fields for the mated ascent Shuttle configu- 
ration are shown in Figures 12 and 13 respectively. These data clearly show the complex 
flows resulting from the aerodynamic interference between the various bodies comprising the 
mated configuration. To access the detailed characteristics of the ET and SRB, the perturbed 
flows as defined in Figures 12 and 13 were mapped using a transparent overlay with grid and 
transferred to an unfolded surface grid. For the ET, the surface was unfolded using a separa- 
tion seam along the bottom (9 = 180°) surface centerline which, for 3 0°, results in flow 

symmetry on either side of the top (0°) surface centerline. For the SRB, the surface was 
unfolded along the outside surface centerline (0 = 90°). Distortion in the flow pattern 
resulting in a lack of symmetry on either side of the inside (0 = 270°) surface centerline is 
caused by flow interference from the Orbiter. 

The resulting ET and SRB flow environments anticipated for SSV ascent are presented in 
Figures 14 and 15, respectively. These diagrams depict the relative intensity and direction 
aerodynari.ic flow over the ET and SRB surfaces for the range of Mach numbers 0.8 < M_ <3.0 
and for angles of attack and sideslip angles 0° < a < 2.0° and 0°< 3 ^ 2.0°. It shoula be 
noted that no consideration has been made in this analysis for protuberances on the surface of 
the ET and SRB. The local flow effects resulting from surface piotuberances must be derived 
separately, and may then be superimposed upon these basic flow patterns. 

The flow patterns presented in Figures 14 and 15 are largely self-explanatory. Key features 
of ET flow patterns are; 

1) Shock wave potterns resulting from; 

a) Terminal shock wave upstreom of SRB attachment locations asso- 
ciated with transonic flow in the vicinity of the ogive-cylinder 
juncture of the ET. 
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b) SRB bow shock impingement on the surface of the ET. 

c) Orbiter bow shock impingement on the surface of the ET. 

d) Normal shock wave resulting from choking of the flow 
between the ET and the Orbiter iri the aft region between 
these two bodies, 

2) Flow separation upstream of the SRB attochment point due to the flow 
blockage caused by the SRB in close proximity to the ET surface. 

3) Wake flow downstream of the SRB attachment point due to the flow 
blockage caused by the SRB in close proximity to the ET surface. 

4) Perturbed flow caused by the support structure for the various bodies 
comprising the mated Shuttle configuration. 

Key features of the SRB flow ^oattern are: 

1) Shock wave patterns resulting from: 

a) Terminal shock wave associated with transonic flow In the 
vicinity of the cone-cylinder juncture of the SRB. 

b) SRB bow shock reflection from the surface of the ET and 
impingement on the SRB nose cone. 

c) Impingement of the shock wave from the leading and trailing 
edges of the Orbiter wings. 

d) Flow separation and reattachment shock waves In the vicinity 
of the SRB attachment ring and the SRB aft skirt. 

2) Flow separation upstream of the SRB attachment point due to the flow 
blockage between the ET and SRB. 

3) Wake flow downstream of the SRB attachment point due to the flow 
blockage between the ET and SRB. 

4) General perturbed flow caused by the support structure between the ET 
and SRB. 

Predicted fluctuating pressure environment;-, associated with the flow fields defined In Figures 
14 and 15 are discussed in the following section. 
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5.0 PREDICTED FLUCTUATING PRESSURE ENVIRONMENTS 

The flow diagrams presented in section 4,3 represent both interference and noninterference 
flow fields, and were the first step in the estimation of fluctuating pressure environments for 
the SSV ascent. Complete definition of these flow fields permitted the following numerical 
fluctuating pressure predictions. 


C 
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5.1.1 Attached Turbulent Boundary Layer Flow — 
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5.1.2 Shoulder-Induced Seporoted Flow — For the shoulder-induced separated flow 
environment, there are two sources of fluctuating pressures which should be noted. First, 
immediately aft of the shoulder and within the separation bubble, the pressure fluctuations 
appear to be fairly homogeneous with levels similar to those observed immediately downsteam 
of a rearward facing step or in the wake of bulbous payload configurations. However, further 
aft, the flow reattaches and higher level fluctuating pressures have been observed in the 
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vicinity of the reattachment point. Also, even though the flow separates at the shoulder, 
the flow may reach local supersonic conditions as it expands over the separation bubble; in 
which case, reattachment aft of the shoulder will produce a recompression shock wave and 
relatively severe fluctuating pressure levels. Measurements presented in References 18 and 31 


indicate fluctuating pressure levels ranging up to V /q - 0.16 for reattachment aft 

of cone-cylinder junctures with shoulder angles ranging up to 30 degrees . Most of the results 
represented in References 18 and 31 show considerable scatter with variations in both cone 
angle and free-stream Mach number. A prediction curve which appears to be representative 
of the maximum fluctuating pressure levels for shoulder-induced separated flow on cone-cylinder 
bodies is given in Figure 16. This curve is attributed to Stevens in Reference 32, and it will 
be employed in the present predictions for shoulder-induced separated flow. Results from 
References 18 and 31 are also shown in Figure 16. 


For the Mach number range from 0. 60 to the attachment Mach number (M ), the homogeneous 

region of separated flow will produce fluctuating pressure levels in the range from ^ P^/ ” 

0.02 to 0,04 (Figure 2). The fluctuating pressure levels giver by Steven's predictions are 
greater than those for homogeneous separated flow, and the difference can be attributed to the 
disturbances in the reattachment region (see Figure 10). For cone-cylinders with shoulder 
angles less than approximately 10 degrees, shoulder separation does not occur and the fluctuating 
pressure levels will decrease to the levels observed in attached flow as indicated by the dashed 
portion of the prediction curve . 
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5.1.3 Transonic Shock-Wave OscilloMon — Typical cone-cylinder data showing the 
attachment Mach number and the variation of shock location with free-stream Mach number is 
presented in Figure 17. Shown in Figure 18 is o.n interpolation of these data for two additional 
cone angles. Shock-induced fluctuating pressure levels, normalized by free-stream dynamic 
pressure, are presented in Figure 19 for a range of cone angles. Curves for 17.5® and 22,5® 
are interpolated, 17.5® corresponding to ^he SRB. 

Data depicting transonic shock location and oscillation strength for an ogive-cylinder are not 
presently available. A conservative estimate of shock oscillation strength may be obtained by 
considering the External Tank to be approximated by a cone -cylinder. Fluctuating pressures 

obtained thereby will likely be several dB higher. Shock location is not predicted for the 
External Tank, as the interference flow fields resulting from the proximity of the SRB's and 
Orbi ter distort the predicted location. A reasonable picture of the External Tank transonic 
shock location for the mated launch configuration can be obtained from Figure 14. 

The prediction for shock oscillation is: 
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Figure 18 
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Transonic shock oscillation occurs over a limited Mach number range. Fluctuating levels and 
shock location are easily obtained from Figures 17 through 19; levels and location for the 
Shuttle are computed and discussed in preceding sections. 


5.1.4 Compression-Induced Seporoted Flow (Two-Dimensionol) — 
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Because the prediction used here is not a function of Mach number (other than applying only 
for M > 1), the critical shock oscillation environment occurs at maximum 
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5,2 Mated SSV Launch Configuration Wind Tunnel 




Data 
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The formulae used in Section 5.1 to predict fluctuating pressure environments ore general in 
nature and at least semi*«mpirical in origin. Without detailed definition of local flow 
parameters, there must always be some question about the applicability of these general 
equations to specific flow regimes. To improve the confidence in predicted fluctuating 
pressure environments, additional wind tunnel data r.x.re closely related to the SSV launch 
configuration was examined. Four-percent scale SSV test data (Reference 36) taken on 
aerodynamic noise model 11-OTS during mid-1973 at the Ames Research Center Unitary Plan 


Wind Tunnels was used to refine the numerical ^ P^ / q^ estimates. 

This data was utilized in such a manner as to extract the maximum information possible for 
definition of the External Tank and Solid Rocket Booster fluctuating pressure environments. 
Wherever possible, wind tunnel fluctuating pressure data for the bottom centerline of the 
Orbiter was used to supplement data available for the top centerline of the External Tank. 
Similarly, External Tank and Solid Rocket Booster fluctuating pressure data were used to 
augment one another along their adjacent surfaces. This approach, while introducing some 
measure of uncertainty, can be expected to provide a good indicotion of anticipated levels 
in the absence of more directly applicable data. 

In all cases where directly applicable SSV .vind tunnel data were available for the range of 
trajectory parometers (Reference 37) anticipated for a launch from the Eastern Test Range, 
the current predictions reflect that data. 

In those cases where dota could be extrapolated for application to ET and SRB surfaces, that 
data vnos used to temper numerical predictions. For those areas where no specific SSV data 
were available, appropriate aerodynamic noise theory and general wind tunnel data were 
applied via the generalized equations presented in Section 3.0. 

5.3 Fluctuating Pressure Contours 

The External Tank and Solid Rocket Booster fluctuating pressure environments discussed in 
Sections 5.1 and 5.2 are presented in Figures 20 and 21, respectively. These diagrams depict 
zones of the ET and SRB surfaces which experience specified fluctuoting pressure environments 
during ascent. In lieu of conventional line contours, progressive shading is utilized here to 
il lustrate the magnitude of the fluctuating pressure coefficient and the transition from low 

V P^ / q values to relatively higher ones. These space -averaged environmental 
00 

predictions are provided for the transonic range (0.8 i M S. 1 .5 ) and for supersonic Mach 

00 

number* of 2.0 and 3.0. The local flow porameters are relatively insensitive to small changes 
in the low a and 3 values specified for the wind tunnel test dota, so the present predictions 
may be considered valid over the approximate range 0® < a < 2.0® ond 0® < P < 2.0®. 
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6.0 CONCLUDING REMARKS 

Preliminory estimotes of Space Shuttle fluctuating pressure environments have been made 
based on analyses of wind tunnel doto ond prediction techniques developed by Wyle 
Laboratories. Particular emphasis has been given to the transonic speed regime during launch 
of a parallel-burn Space Shuttle configuration. Analyses have consisted of the following: 

• Review of shadowgraphs and oil flow photographs of scale-model 
Space Shuttle flow fields as obtained in the NASA-MSFC 14-inch 
Trisonic Wind Tunnel. These data were used to develop flow 
patterns over the surface of the External Tank and SRB for the Moch 
number range from 0.8 to 3.0. 

• Based on identified flow fields, predictions of attendant fluctuating 
pressure environments were mode. These environments were speci- 
fied in terms of progressively shaded zones to illustrate the magni- 
tude of the fluctuating pressure coefficient 
surface of the External Tank and Solid Rocket Boosters. 

• Specification of empirically determined rms fluctuating pressure levels 
typical of the interference-free and interference-induced flow fields 
typical of those which occur over the surfaces of the External Tank 
and Solid Rocket Boosters. 

e Equations describing the spectral distribution of the various fluctuating 

pressure environments are presented in Section 3.2 and the appendix. 

For further detail, the reader is directed to Figures 4 through 7 and the 
indicated references. 

• Information on the cross-power spectral density of the fluctuating 
pressure environments is given in Section 3.3, the appendix. Figures 
8 and 9, and their related references. 

Because of the complex nature of the flow fields and attendant fluctuating pressure levels, 
the reader is referred to the data presented in Figures 20 and 21 for predicted environments. 
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Figure 1 . Comparison of Pressure Fluctuotion Measurements by Vorious Investigators 
for Attached Turbulent Boundary Layers 
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Figure 2. Voriafion of Flocfuating Pressure Level for Homogeneous Seporafed Flow 
with Moch Number 
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Figure 5. Power Spectrum of Fluctuating Pressures within Homogeneous Separated 
Flow Regions 
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iure 7. Longitudinol Distribution of Pressure Fluctuations and Typical Power 

Spectra in Vicinity of Supersonic Flow Separation Ahead of a 45^ Wedge 
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Figure 8(a). Norrow Bond Longitudinal Space Correlotioo Coefficient 
for Boundar/ Layer Fluctuating Pressures 
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Figure 8(b). Norrow Band Lateral Space Correlation Coefficient for 
Boundary Layer Fluctuating Pressures 
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Figure 12. Wind Tunnel ShodowgropKj of the Space Shuttle 
Launch Configuration 
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Figure 12. Continued 
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Figure 14. External Tank Flow Diograms for Space Shuttle Launch Configuration 
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Figure 14. Continued 
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Figure 14, ConMnued 



57 


Figure 14, Continued 
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Figure 17. Variation of Terminal Shock-Wave Location with Free- Stream Mach Number 
for Interference -Free Flow Over Cone-Cylinder Bodies 
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Figure 20, Extemai Tank Floct^uafing Pressure Environments 

M ^ 0.80 
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Figure 20. Continued 






Figure 20* Continued 



















Figure 20. Concluded 
M = 3.00 
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Figure 21 . Continued 
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Figure 2i . Continued 
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APPENDIX A 

SUMMARY OF PREDICTION METHODS FOR 
IN-FLIGHT FLUCTUATING PRESSURE ENVIRONMENTS 

.0 INTRODUCTION 

When a vehicle moves through air there are two basic means by which it can produce 
noise: (1) by its propulsion mechanism (motor-jet, rocket, etc.,) and (2) by its 
interaction with its surroundings. At low speeds, for example, during and immediately 
after lift-off, the first of these is by far the domirant one while near or above the 
speed of sound, mechanism (2) becomes most important. 

During any flight cycle for an aerospace vehicle, there are three important phases of 
the flight which should be investigated in order to assess the structural loading due to 
fluctuating pressures. These are listed in the chronological order in which they occur. 

Lift-off phase during which acoustic excitation results from the rocket 
exhaust noise. 

e Launch flight to O'bit phase, during which rocket exhaust noise diminishes 

and aerodynamic fluctuating pressures (pseudo-sound) starts to dominate. 
From an aerodynamic noise viewpoint, ti’is phase becomes most critical 
at transonic Mach numbers (0.60 < M < 1 .6) 

e Re-entry phase during which only aerodynamic fluctuating pressures are 
present. 

This Appendix is devoted to the specification of surface fluctuating pressures resulting 

from unsteady aerodynamic phenomena during the launch phase of flight. Aerodynamic 

fluctuating pressures (pseudo-sound) are zero at launch and increase to peak values as 

the vehicle passes through the transonic Mach number range. Previous wind tunnel 

and flight data show that fluctuating pressures are proportional to free-streom dynamic 

pressure q (= y F M* /2 , where y is the ratio of specific heats, P Is the free- 
00 00 00 00 

stream static pressure, and M^ is the free-stream Mach number) for a given unsteady 

flow phenomenon. However, peak fluctuating pressures do not necessarily occur at 

maximum q for certain regions of a vehicle due to the non-homogeneous nature of 
00 

the flow field. For example, regions of the vehicle exposed to separated flow and the 
impingement of oscillating shock waves will experience fluctuating pressures at least an 
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order of magnitude greater than regions exposed to attached flow. Thus, If separated 
flow and oscillating shock waves are present, say at Mach numbers other than the range 
of maximum q , then peak fluctuating pressures will also be encountered of conditions 

QD 

other than at maximum . Thus, It Is easily seen that vehicle configuration is very 
Important in the specification of fluctuating pressure levels since the source phenomena 
are highi configuration dependent in addition to vorying with Mach number and angle 
of attack. 

In light of the foregoing discussion, one general statement can be made in regnrd to 
aerodynamic fluctuating pressures. Regions exposed to the same unsteady phenomenon 
will experience fluctuating pressure levels which are proportional to free-stream 
dynamic pressure. Thus, It can be readily seen that a fundamental parameter in the 
specification of the surface excitation Is free-stream dynamic pressure and its variation 
with Mach number. For a given configuration, Mach number and angle of ottack define 
the phenomena, and dynamic pressure defines the fluctuating pressure levels associated 
with the phenomena. 

Unsteady aerodynamic flow and the attendant fluctuating pressures experienced by 
aerospace vehicles naturally depend on the flight environments and the geometry of 
the vehicle. There are an infinite number of possible configurations and any dis- 
cussion of their fluctuating pressure environment must be general. Practically all 
experimental data for unsteady aerodynamic flow have been acquired for bodies of 
revolution which are typical of missile configurations. As a result of these studies, 
it is well known that certain basic unsteady flow conditions will occur regardless of 
the detailed geometry of the vehicle. The occurrence of these basic fluctuating pres- 
sure phenomena and their statistical properties can be predicted quite accurately. It Is 
convenient to discuss these basic flow conditions for bodies of revolution; however, 
this is certainly no restriction on either the feasibility or the practicality of predicting 
their occurrence on more complicated configurations. Thus, In the following paragraphs, 
general features of typical bodies of revolution are defined and the unsteady flow fields 
which they encounter are discussed. Furthermore, aerospace vehicles may have a number 
of protuberances projecting from their surface in which case the flow field Is complicoted 
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by M )0 super-position of the protuberance flow field onto the flow field of the basic 
stn.>cture. Most protuberances are three-dimensional projections and general charac- 
teristics of these flows should bt considered as separate and unique problems. 

2.0 BASIC FLUCTUATING PRESSURE PHENOMENA 

Examples of several bodies of revolution are shown in Figure 1 . For the purpose of 
the present discussion, three basic configurations will be considered as specified 
below: 

• Cone-cylinder shroud 

• Cone-cylinder-flare shroud 

• Cone-cylinder-boattail shroud 

Virtually all axisymmetric vehicles fall into one of these categories although numerous 
modifications to the basic geometry have been employed in the past. 

Several fluctuating pressure environments having different statistical properties may 
exist over o vehicle at any given instant in the flight trajectory. It is convenient to 
consider three separate Mach number ranges — subsonic, transonic, and supersonic — 
for each of the three basic shroud configurations. Further, the flow fields will depend 
on the angle of attack of the vehicle which causes nonsymmetrical loading (both 
statically and dynamically); however, for the purpose of this discussion, nonsymmetri- 
cal loading will not be discussed. 

Schematics of subsonic, transonic and supersonic flow fields for the basic configurations 
are shown In Figure 1 . At subsonic speeds, all three configurations experience regions 
of attached flow and separated flow. The cone-cylinder portion of each configuration 
induces separated flow immediately aft of the cone cylinder juncture for cones having 
half-angles greater than approximately 15 degrees. Re-attachment occurs within 
approximately one diameter aft of the shoulder (depending on cone angle) for the cone- 
cylinder and boattail configurations, whereas for the flare body, separation may con- 
tinue over the flare. Both the flare and boattail Induce separation for t\nical config- 
urations. At high transonic speeds, the flow negotiates the shoulder of a cone-cylinder 


A-3 



f 


1 


I 


t 


I 


I 


I 

] 


01 


I 


body without separating, reaches supersonic speed immediately aft of the shoulder and 
produces a near-normal, terminal, shock wave a short distance aft of the shoulder. 

The boundary layer immediately aft of the shock may or may not separate depending 
on the strength of the shock wave. At transonic speeds, the boattaii and flare region 
produce separated flow which may be accompanied by weak shock waves in the vicinity 
of the separation and reattachment points. At supersonic speeds, the cone-cylinder 
configurations produce regions of attached flow. For the flare configuration, the 
separated flow is bounded by shock waves at the separation and reattachment points, 
whereas for the boattaii configuration, separation occurs at the shoulder of the boat- 
tail (expansion region) and is bounded at the reattachment point by a shock wave. 

It is evident that even simple vehicle shapes, such as cone-cylinders, produce complex 
and highly non homogeneous flow fields at certain Mach numbers — particulorly at 
subsonic and transonic speeds. The unsteady flow phenomena are of particular 
importance at transonic speeds, since in this range, fluctuating pressures reach maxi- 
mum values due to their proportionality to dynamic pressure. In order to assess the 
fluctuat'r^ pressure environment of a venicle of any arbitrary geometry, it is conven- 
ient to discuss the statistical properties of the fluctuating pressures for each of the basic 
types of unsteady flow condition. From Figure 1 it will be noted that the following 
flow conditions may occur for various regions of a vehicle. 

• Attached flow 

• Separated flow 

e Shock-boundary layer interoction 

Each of the above flow conditions exhibits different statistical characteristics. 

Attached flow pressure fluctuations result from the disturbances within turbulent 
boundary layers. Separated flow pressure fluctuations result from disturbances within 
the separated shear layer and instabilities associated with the separation and reattach- 
ment points. Pressure fluctuations for shock -boundary layer interaction result from the 
movement of the shock wave and the static pressure di4C*'')tinuity associated with the 
shock wave. The statistical characteristics of each fluctuating pressure environment 
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fhot are important in the analysis of structural response may be classified under three 
parameters; 

• The overall level 

• The power spectrum 

• The cross-power spectrum (or narrow band cross correlation) 

Each unsteady flow condition with general statistical characteristics will be discussed 
separately in the following subsections. 

2.1 Attached Turbulent Boundary Layers 

The surface fluctuating pressures beneath attached turbulent boundary layers have been 
the subject of both theoretical and experimental study for a number of years. The 
turbulent boundary layer extends over a considerable portion of the surface of vehicles 
in flight and, thus, it is considered to be one of the principle sources of aero-acoustic 
excitation to the vehicle structure. Several years ago, workers such as Kraichman, 
Lilley, and Hodgson developed theoretical formulations for the fluctuating pressures 
under turbulent boundary layers and, more recently, several carefully planned experi- 
ments have provided additional information on the statistical characteristics of the 
pertubations. Lowson, Reference 1 , presents a good summary of the results of studies 
on this subject, with the exception of some recent measurements by NASA-Ames. In 
Lowson 's report, the basic mechanism underlying the production of the surface pressure 
fluctuations beneath turbulent boundary layers Is discussed, together with a presentation 
of empirical and semi-empirical prediction techniques. This section of the present dis- 
cussion Is a brief overview of Lowson 's prediction formulae with the exception of the 
power spectra, which has been modified to be more consistent with the power spectra 
at low Strouhal numbers. The following discussion presents a review of the experimen- 
tal results and prediction formulae In terms of the most important statistical parameters. 
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Overall Level 

The correct method of presenting overall fluctuating pressure levels for surfaces 
beneath the convected turbulence in boundary layers Is in terms of the root-mean- 
square fluctuating pressure level, V?. Free-slream dynamic pressure, , local 

dynamic pressure, q , and wall shear stress, r , have been used to normalize 
VT so that meaningful data collapse can be realized throughout the Mach number 
••ange. The most generally accepted normalizing parameter is and thus, will be 
used in the current expressions. 


The effects of free-stream Mach number, M , on the normalized RMS Intensities of the 

00 

fluctuating pressures in attached flows are shown In Figure 2. There is significant 
scatter In the data which may be attributed to several factors: 1 ) background noise and 
free-stream turbulence in the testing medium, 2) Instrumentation quality and the preci- 
sion of the experimental, technique, 3) data acquisition and reduction techniques, etc. 
For the range of Mach numbers covered in the data of Figure 2, the normalized RMS 
value of the fluctuating pressure varies from ^ '^oo^ subsonic Mach 

numbers- to 0.002 at supersonic Mach numbers. Lowson, Reference 1 , proposed the 
following semi-empirical prediction formula which appears to agree with the genera' 
trend in the data: 


V7^/q = 0.006/(1 + 0.14 M 

/ CX5 00 


It is important to note that this formula has some theoretical basis and is not strictly 

an empirical approximation of measured results (see Reference 1 ). The use of this 

formula at high supersonic and hypersonic Mach numbers should be done so with the 

understanding that it has not been verified In this Mach number range and may lead to 

significant error. However, in the Mach number range up to, say M = 3.0, It 

00 

is in good agreement with experimental results. 
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It should be noted that the results presented in Figure 2 , particularly the wind tunnel 
results, were obtained for both homogeneous and stationary flows at free-stream con- 
ditions and In the absence of external pressure gradients. Consideration should be 
given to local conditions 'vhlch deviate from free-stream conditions. 

Power Spectra 

Power spectra represent the distributions of the mean square fluctuating pressure with 
frequency. Power spectra for attached turbulent boundary layers are found to scale 
on a Strouhal number basis; that is, the frequency is normalized by multiplying by a 
typical length and dividing by a typical velocity. The advantages of using normalized 
spectra are obvious since it enables similar, homogeneous, fiows to be represented by 
a single spectrum regardless of the scale of the flow field or the free-stream velocity. 

Numerous studies have been conducted to determine the proper parameters to be used 
nondimensionalize the spectra for various aero-acoustic environments. Unfortunately, 
the choice of parameters which best collapses the data appear to be dependent on the 
nature of the fluctuating pressure environment. In general, free-stream velocity is 
used as the normalizing velocity parameter, although a typical eddy convection 
velocity (itself a function of frequency) has been used occasionally. The local con- 
vection velocity appears to correspond more closely with the physical situation for 
fluctuating pressures due to turbulent eddies. Selection of a typical length is more 

difficult. Boundary layer thickness (6, ), displacement thickness (6*), wall shear 

b 

stress (r^) and momentum thickness (0) have all been used by various investigators. 

The most generally used typical lengths are 6, and 6*. 

b 

Lowson, Reference 1 , proposed an empirical formula for the power spectrum for 
attached turbulent boundary layers based, primarily, on the experimental results of 
Speaker and Ailman, In comparing this formula with other data, and in particular, 
with recent measuremei'.ts at supersonic speeds by NASA-Ames, the Lowson prediction 
appears to underestimate the spectrol levels at low Strouhal numbers and also gives 
too large a roll-off at hig* Strouhal numbers. Therefore, a new formulo is presented 
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which appears fo be more representative of experimentol findings throughout the Mach 

number range. In this formula/ it will be noted that 8* and U (the free-stream 

00 

velocity) have been used as normalizing parameters. The power spectral density, 

0((j) is given by the relation: 


0 ( u) U 


00 




^00 


U 6* I 0.9 

— ) 1 + (“/“o ) 

00 ( 


2.0 


( 2 ) 


where 


00 


U 

u = 0.5 

0 5* 


P'/q' 

/ ^00 


(0.006) 


(1 + O.UM^ )" 

00 


6* = 6^/8 for M < 1.0 


8 * = 


(1.3 4 0.43M* ) 6, 
00 b 


10 


.4 4 C.5M^ [l 4 2.10"® R 1 
00 L e J 


^3 


for M > 1,0 


6 . = 


0.37 R-°*2 1 4 

« ( 


\ 6.9*10^ / 


0.1 -J 


X = Downstream distance from the leading edge 


R = Reynolds number = U x/v 
e 00 


Kinematic viscosity 
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A comparison of the predicted power spectrum with experimental spectra is presented 
in Figure 3. 

Cross-Power Spectra 

The final requirement in determining the characteristics of the fluctuating pressure 
field of the turbulent boundary layer is to define the narrow bond, space correlation 
function or co-power spectral density. This parameter is the key function needed to 
describe an impinging pressure field on a structure in order to calculate the induced 
mean-square response of the structure (see, for example, Reference 17 for the struc- 
tural response computational technique). The spatial correlation properties of a 
fluctuating pressure field can be obtained only from a careful and detailed examination 
of the field at a large number of points. Measurements by several investigators have 
shown that the co-power spectral density of turbulent boundary layer pressure fluctua- 
tions in the direction of the flow can be approximated by an exponentially damped 
cosine function, and the lateral co-spectral density can be approximated by an 
exponential function. The general form of the cross-power spectral density is; 


^ r 1 / u) = ( u) A ( C , q , u) COS 

pp 

where A ( C, q , w) is the modulus of the cross-power spectral density, and 
0(o) is the power spectral density of the homogeneous field. 



(3) 


Here, it is assumed that the pressure field is homogeneous, in the sense that the 

cross-power spectral density is a function only of the separation distances ( ^ in the 

longitudinal direction and q in the lateral direction) so that it is independent of the 

actual positions (say x and x+ ^ lorig'*^udInal ly and y and y + q laterally). Further, 

u and U are the circular frequency and convection velocity, respectively. Assum- 
c 

ing that A ( ^, q, u) is separable into its longitudinal and lateral components, and 
normalizing by the power spectral density of the homogenous field gives (Reference 1): 
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“)‘cos|~| j • A^(n,o) 

= c (C, u) • c (n, u) (4) 

where C (C, u) and C (n, o) are the correlation coefficients in the longitudinal 
and lateral directions, respectively. The assumed separable form leads to the pre- 
diction that the magnitude of C is constant along straight lines on the surface, 
forming a diamond pattern surrounding the origin. This characteristic Is somewhat 
physically unreasonable (see Reference 2); however, for purposes of calculating 
the induced structural response the assumption of separability greatly simplifies the 
mathematics and, hence, it is generally accepted. However, Lowson (Reference 1) 
notes that a more likely form for the lines of constant amplitude would be elliptic, 
suggesting that the usual separable solution underestimates the correlation area by 
■n/2. Thus, Integration of formula containing the cross-spectral density function 
should be multiplied by a factor of rr/2 to allow for Its probable underestimate of 
the correlation area at any frequency. 

Measurements of the correlation coefficients have been made by Bull and others 
(see Reference 1) and the results are presented In Figures 4a and 4b. It is seen 
that the data in Figures 4a and 4b have been collapsed based on Strouhal numbers 

1“. and . From these data, the following empirical expressions were 

^c c 

derived for the correlation coefficients: 

C (C, (J) = exp I -0.10 I C I «j/U^ ) ‘ 

C (q, u) = exp I -0.715 j il j u/U^ | ^ 
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These correlation curves have been Inserted in Figures 4o and 4b for comparison. 
Typical values of the convection velocity (itself a function of frequency) for subsonic 
flow are U = 0.6 U for the small scale eddies near the wall and U - 0.9 U 

C 00 C 00 

for the lorge socle eddies near the outer edge of the boundary layer. 


The accuracy of Equations (5 ) and (6 ) break down at small values of 


u 


however, in Reference 3 , Bull presents measured asyniptotic values of the 

correlation coefficients for small values of and . Based on these data, 

c c 

the Equations ( 5 ) and ( 6 ) may be corrected to Include the lower frequencies, and 
the resulting expressions are; 


C ( C, <j) = exp 


• 0,10 




C (n» u) = exp 



n 




( 8 ) 


These expressions appear to be valid at both subsonic and supersonic speeds. 


!' 

t. 


!■ 
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2.2 Separated Flow 

Separated flows as induced by steps, wedges, flares and other, basically two- 
dimensional geometric changes have undergone considerable study only in recent 
years. Considerably less data is available on the fluctuating pressure environments 
within serrtrated flow regions than is the case with attached turbulent boundary layers. 
Furthermore, there are various types of separated flows and little is known of the 
similarities and differences of their statistical properties. Example separated flow 
environments are listed below: 

e Blunt body-induced separation (as occur at cone-cylinder and flare-cylinder 
expansion corners at subsonic Moch numbers) 

e Flare-induced, step induced, and wedge-induced separation (as occur in 
compression corners) 

e Shock-induced separation (as occur on cylinders, uirfoils, etc., beneath 

terminal shock waves at transonic speeds and due to shock wave impingement 
at supersonic speeds) 

• Boattail-induced and rearward fccing-step-induced separation (such as occur 
in the base region of launch vehicles). 

<.>i All of the foregoing environments differ to some degree in their aerodyttamic structure. 

However, some basic comments can be made in regard to their fluctuating pressure 
characteristics. First, all of these environments may be regarded as two-dimensional 
type separated flows having mean separation and reattachment lines which are normal 
to the free-stream. Second, a genera! characteristic is that if the flow separates 
from an expansion corner, the separation line is quite stable in that oscillations which 
produce fluctuating pressures are not generated. However, if separation occurs, say, 
on the cylindrical portion of a payload shroud (flare Induced separation) the separation 
point is unstable and may produce significant fluctuating pressures, particularly at 
supersonic speeds where the seporation is accompanied by an oblique shock wave. 
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Third, the reattachn -nt point of the separated flow field produces rather large fluctua 
ting pressure levels for virtually all types of separated flow fields. The region within 
the separated flow field (between the separation and reattachment points) is a fairly 
homogeneous environment which is characterized by fluctuating pressure levels 
greater than those for attached flow but less than thos^ encountered at the separation 
and reattachment points. Example data for various separated flow fields are presented 
in the following sections. 


Overall Level 


A typical example of the fluctuating pressures resulting from blunt-body separation 
is shown in Figure 5 (results taken from Reference 18). These data were obtained 
a> high subsonic Mach numbers for a 25-degree cone-cylinder configurat’on. The 


axia 


I distribution of / q shows a relatively nonhomogeneous environment with 

CD 

a peak level which moves aft with increasing Mach number. The pec k in 


results from the reattachment of the separated flow from the shoulder. Thus, the 
extent of the separated region increases wi^’h increasing Mach number. Peak levels 
of rms fluctuating pressure reach 1 1 percent of frea-stream dynamic pressure at a 
free-stream Mach number of 0.70, and results from the instability of the reattachment 
point. It will be noted that the fluctuating pressure levels near the shoulder (X/D = 0) 
are relatively low (same order of magnitude as generally found within the homogeneous 
region of two-dimensional separated flews and typical of the environment for separated 
shear layen) thus indicating that the separation point which occurs at the shoulder is 
relatively stable. Separated flow over the boattail region of a bulbous vehicle may 
be expected to exhibit fluctuating pressure characteristics very similar to the cone- 
cylinder; however, the blunt-body separation on a cone-cylinder body is limited to 
the subsonic speed range, whereas, the boattail configuration may induce separation 
at all Mach numbers. 
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Typical fluctuating pressure data for flare-induced separation are presented in 
Figure 6 (results taken from Reference 14). These data clearly show the region of 
homogeneous separated flow, bounded on the upstream by the oscillating shock wave 

ffcrward peak in 9 )/ and on the downstream by the reattachment perturbations 

00 

(aft peak in ^ P^/ q ), Surface fluctuating pressures for the separated flow region 
00 

range from 1 ,5 to 2.7 percent of the free stream dynamic pressure. Levels associated 

with the upstream shock wave generally range from 4 to 8 percent of the free-stream 

dynamic pressure (see Reference 14); whereas, levels in the region of reattachment 

may range from 6 to 12 percent of q ond agree teasonably well with the reattachment 

00 

levels for blunt body separation. Further discussion of shock-wave oscillation data 
is presented in a later section. 

The variation of fluctuating pressure level, normolized by free-stream dynamic prc»sure, 
with local Mach number (M^ ) for various separated flow environments downstream 
of expansion corners is presented in Figure 7 . The regions aft of cone-cylinder 
jurirures and rearward-facing steps, and in the near wake of boattail configurations 
are represented by the data presented in Figure 7 . These environments will be 
referred to as expansion induced separated flows and it will be noted that the attendant 
fluctuating pressures exhibit the same general trend with local Moch number. The 
largest levels occured at low Mach numbers and decreased as local Mach numbers 
increased. These data represent the region of plateau static pressure and the tolerance 
brackets on the data represent the variations due to non -homogeneous flow within 
the region of constant static pressure rather than scatter in the measurements. A good 
empirical approximation to these experimental measurements is: 

Expansion Induced Separated Flow: 


= 

' I + M= 
I 
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This equation Is similar In form to that previously proposed for attached turbulent 
boundary loyers. 

Fluctuating pressure measurements for the region of plateau static pressure upstream of 

compression corners are presented In Figure 8. The regions Immediately upstream of 

forward-facing steps, wedges, and flares are represented by the data presen*^ed In 

Figure 8. Also, the previous fluctuating pressure data for exponslon Induced separated 

flow, shown In Figure 7, are presented In this figure for comparison. In general, the 

compression corner data show an Increase In flurtuoting pressure level w*th Increasing 

free-stream Mach number In the range, 1 .0< M < 2.0 - reaching a constant level 

00 

at Mach numbers above 2.0. Free-stream Mach number is used here because adequate 
data is not available for determining the local Mach number in the vicinity of the 
compression induced separated flow region. Derivation of an empirical prediction 
formula for the fluctuating pressure level within compression induced separated flows 
has not been attempted at this time. 

Power Spectra 

The most comprehensive available data for power spectra of the fluctuating pressure 
within separated flows was obtained for the homogeneous region of compression 
corners at supersonic Mach numbers (References 14, 19, 20 and 21). These data, 
presented in Figure 9, were obtained for forward facing steps, wedges and conical 
frustums. All data, represented by the cross-hatched band, showed a distinct 
similarity in spectral characteristics when compared using normalized spectral level 
and frequency expressed as functions of local velocity, free-stream dynamic pressure, 
and local boundary layer thickness. A number of velocity, length and pressure para- 
meters were used to collapse the data; however, local velocity (U^ )/ local boundary 
layer thickness (5^) and free-stream dynamic pressure appeared to be adequately repre- 
sentative of the parameter dependence of the fluctuating pressures for the config"»*ations 
studied. Power spectra of the fluctuating pressures within the homogeneous region of 
separated flovvs may be represented by the following empirical formula: 
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0.83 \ 2.1 5 


= 0.17 -J- 


(10; 



0.045 

1 +M^ 
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, Figure 7 , for expansion induced 
separated flows. 



the results as determined in Figure 8 for compression 
induced separated flows. 


and the subscripts i* and ao refer to local and free-stream conditions respectively. 


It is anticipated that Equation 10 can be used with good accuracy to predict the power 
spectra for fluctuating pressures within the homogeneous region of expansion induced 
separated flows although it was derived based on data taken in compression corners. 


Cross-Power Spectra 


Typical cross-power spectra for the homogeneous region of two-dimensional separated 
flows are presented in Figure 10. Again, noting that the co-spectral density is the 
same as the narrow-band spatial correlation, it is seen that the separated flow exhibits 
spatial coherence very similar to that of attached turbulent boundary layers. The 
damping of the sinusoidal cross spectra for separated flow is exponential ot high values 
of uC/U^ as Is the case for attached flow. Thus as a first approximation, the nor- 
malized longitudinal co-spectra may be represented by; 


C(C,f) 




c 


( 11 ) 
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The domping coefficient, a, is dependent on free-streom Mach number according 

to the results presented in Reference 14. The Chyu and Hanely '•esults show damping 

coefficients ranging from approximately 0.13 at M = 2.5 to a value of 0.33 at 

00 

M =1 .6. This suggests that the turbulence structure in separated flows decays 

CD 

somewhat more rapidly than for attached flow which has a coefficient of exponential 
decay of 0.10. It should be noted that the exponential decays represent the envelope 
of the cross-spectra for various spatial distances, ^ . For a given value of the 
cross-spectra can be represented by the exponential envelope only at high frequencies, 
the lower limits of which increase with increasing distance between measurement 
points. 

The loss of coherence at low frequencies precludes a general collapse of the data using 
a constant damping coefficient. This problem was overcome by Coe and Rechtien, 
Reference 20, by introducing an attenuation coefficient which is related to the nor- 
malized modulus of the cross-power spectral density by 




-aC 

= e 

norm 


( 12 ) 


The normalized modulil for available or selected transducer spacings, C , were curve- 
fitted by an exponential function using the method of least squares to obtain a non- 
dimensional attenuation-coefficient function a f 6^ ^ h in References 19-21. 

The parameter h is the height of the protuberances used to generate the separated flow 
field. Empirical approximations of the attenuation coefficient, based on the experi- 
mental results of Coe and Rechtien, are: 



0.75/ In. 


, ]Tj — <6x10^ 


(13) 
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(14) 


f6. 
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(15) 


Lateral Direction 


a n. 



(16) 
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^ > 6x 10"^ 


(17) 


where 


u. 


= 6x10"^ 


It will be noted that the longitudinal and lateral attenuation coefficients are the same 
at Strouhal numbers, ^ < 6 x 10"^ and that the lateral attenuation coefficient 

becomes larger than the longitudinal value at f 8^ >6x10”^. It was pointed 

out in Reference 19 that this spatial characteristic indicates that the predominant 
turbulence is nonconvective at the lower frequencies and that contours of equal 
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correlation would be circular; whereas, at 



> 6x10”^ the divergence 


of the longitudinal and lateral attenuation coefficients indicate a progressively 
extended correlation pattern in the direction of the free-stream with increasing 
frequency. This statement is not entirely true since the usual separable form of the 
cross-power spectral density leads to the prediction that the magnitude of the normalized 
modulus is constant along straight lines on the surface, forming a diamond pattern 
surrounding the origin rather than a circular or elliptic pattern. Under the assumption 
of separability of the longitudinal and lateral cross-power spectra, the following 
equations (which employ the attenuation coefficient) may be used as prediction 
formula for the normalized longitudinal and lateral co-spectra. 


Longitudinal Co-Spectra 


C 



e 



c 


cos 



(18) 


Lateral Co-Spectra 


where 



(19) 



as defined in Equations 13, 14 and 15. 


as defined in Equations 16 and 17. 
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2.3 Shock-Wave OscillaHon 

Generally, shock wave oscillation produces the most intense fluctuating pressure levels 
that are usually encountered by a vehicle. As for the case of separated flow, there 
are many types of shock-wave oscillation and little is known in regard to the similarities 
and differences of their statistical parameters. Typical shock waves enco-mtered by 
vehicles are; 


Oi 

01 


I 
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• Terminal shock waves for regions of transonic flow 

• Displaced oblique shock waves as induced by the separated flow 
in compression corners at local supersonic speeds 

• Reattachment shock waves in the vicinity of the reattachment 
point for separated flows generated by both compression and 
expansion corners. 

• Impingement shock waves as caused by local bodies such as 
strap-on rockets. 

All shock waves may be expected to produce similar fluctuating pressure environments 
since the movement of the shock wave results from the interaction with the separated 

flow at the foot of the shock wave (see Reference 19) and the fluctuating pressure is 

the result of the modulation of the pressure gradient through the shock wave. A 

special case of shock wave oscillation Is referred to as an alternating flow condition, 

whereby, the flow at an expansion corner intermittently fluctuates between a 

separated and attached condition. This environment is illustrated schematically in 

Figure 11 for a 25 degree cone angle together with the more common terminal shock— 

✓ 

wave oscillation case. Example data for various shock wave oscillation environments 
are presented in the following sections. 
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Overall Level 

The axial disfribuHon of rms fluctuafing pressure resulting from terminal shock wave 
oscillation is shown in Figure 11 (from Reference 18), A special case of terminal shock 
wave oscillation results when the terminal shock wave moves forward to the expansion 
shoulder of a cone-cylinder. For this case, the flow intermittently fluctuates between 
the blunt-body separated flow condition and the attached flow condition at high sub- 
sonic (low transonic) Mach numbers. This condition represents an alternating unbalance 
between the large pre.sure rise through the shock wave that exceeds the values required 
to separate the flow and the small pressure rise that is too small to maintain fully 
separated conditions. 

Extremely large fluctuating pressures result from this condition; however, it should be 
noted that this phenomenon occurs over a small Mach number range and generally is of 
very low frequency. Thus for large Mach number transients, this phenomenon may not 
occur. On the other hand, some experimentol studies using aeroelastic wind tunnel 
models indicate that this phenomenon may become coupled with the vibrational response 
of vehicles such that flutter in the lower order bending modes would result for certain 
configurations — particularly for bulbous shaped payloads on rather slender launch 
vehicles. 

As Mach number is increased above the range of alternoting flow, the localized 
oscillation of the shock wave produces intense fluctuating pressures for the region in 

close proximity to the shock wave as shown in Figure 1 1 . The shock wave moves aft 
with diminishing strength with increasing Mach number such that the rnrs fluctuating 
presssure levels also decreases. In addition to the results presented in Figure 1 1 , 
the fluctuating pressures which occur at the separation and reattachment points for 
seporated flow over compression corners (Figure 6 ) are fairly complete examples 
of shock-wave oscillation data. 


A-21 



f 


\ j 

1 i 


T 

i 


C 

c 


0 

0 


Power Spectra 

Only recently has comprehensive data been presented on the spectral characteristics 
of shock-wave oscillation. Much of the previous data were presented in linear- 
linear graphical form rather than using log— log scales. As a result, much resolution 
was lost at the high frequencies. Recent experimental data by Coe and Richtien 
(Reference 20) gives a clearly defined spectrum for shock wove oscillation at M^ = 2.0; 

however, data at other Mach numbers have not been published. Data obtained for 

three-dimensional protuberance flows do agree with the Coe and Richtien data and 

thus substantiates their limited published results. The normalized power spectra for 

shock-wave oscillation for both two- and three-dimensioixil protuberances (References 

18 and 19) are presented in Figure 12. The power spectrum shows a relatively steep 

roll-off starting at a Strouhal frequency (f ) of 1 x 10”^, where the subscript 

0 denotes local velocity and boundary layer thickness upstream of the shock wave. The 

roll-off is 8 dB per octave for the range 1 x 10" ^f6 /h jS2x 10”’ and above 

0 / 0 

this range the roll-off changes suddenly to 4 dB per octave. These unique spectral 
characteristics of shock-wave induced fluctuating pressures ere explained by the 
physical behavior of the shock-wave oscillation and the resulting pressure time history. 

The shock wave is basically a pressure discontinuity which becomes slightly distorted 
by the boundary layer such that a finite gradient through the shock wave is observed 
at the surface. Oscillation of the shock wave produces a wave form which approaches 
a random-rectangular wave as the displacement of the oscillation increases. Superim- 
posed upon this signal is the low amplitude, high frequency disturbance associated 
with the attached boundary layer (for that portion of the signal when the shock wave 

is aft of the measurement point) and the moderate amplitude and frequency disturbances 
associated with separated flow (for that portion of the signal when the shock wave is 
forward of the measurement point) . The roll-off rate of the power spectrum for a ran- 
dom-rectangular wave form is 6 dB per octave which is 2 dB lower than the experi- 
mentally observed value. Above f6^ /^O the power spectral density 
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for the random modulation of the shock wave diminishes below the power spectral 
density for the turbulence portion of the signal. Thus, the roll"off rate changes to a 
value roughly equal to that for separated flow since this environment is the larger 
of the two turbulence generating mechanisms (the other being attached flow). 

Noting that the power spectra for shock wave oscillation is composed of 1) low 
frequency spectral energy of the shock wove and 2) high frequency spectral energy 
of the separated flow and attached boundary layer, the resulting empirical formula 
for the power spectra may be written as a combination of power spectra of the contri- 
buting sources: 

[*'«]sw = ^ h]A 

where the subscripts and superscripts denote the following: 


Subscripts: 

SW 

- shock wave 


S 

- separated flow 


A 

- attached flow 

Superscripts: 

I 

- absence of viscosity (invlscid) 


H 

- homogeneous flow 


The constants, k and k are weighting functions which account for that portion of 
1 2 

the total energy resulting from the presence of viscous flow in the form of separated 
flow and attached flow respectively. It should be noted that the two secondary environ- 
ments (separated flow and attached flow) are not simultaneously superimposed on the 
shock wave signal but rather are time shared. This, together with the fact that these 
environments may be correlated with the gross motion of the shock wave results in 

values of k and k less than 1 ,0. Finally, for peak overall levels of shock wave 
1 2 

oscillation (corresponding to a point located at the mean position of the shock wave) 
the contribution of attached flow is negligible In comparison to that for separated 
flow. Thus, Equotion 20 niay be simplified to 




( 21 ) 


Based on the experimental data of Reference 19, the power spectre |^0(f) for 

shock wave oscillation in the absence of viscous flow normalized by local inflowing 
boundary layer thickness and velocity and free-stream dynamic pressure is given by: 



( 22 ) 


where: 




overall level of shock oscillation peok 
corresponding to the mean location of the 
shock wave . 


overall level of homogeneous separated flow as 
defined from Figures 7 and 8. 


The subscript 0 denotes local velocity and boundary layer thickness upstream of the 
shock wave . 
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1 X 10"2 


k = 0.25 

1 


determined empirically from 
experimental data of Reference 


19 


Substitution of Equations 10 and 22 into Equation 21 gives the final expression for the 
power spectra for shock wave oscillation. 




where (foSo/^o^S is now defined for conditions upstream of the shock wave. 


A comparison of the predicted power spectre for shock-wave oscillation with experi- 
mental measurements is presented in Figure 13. Also shown in the upper right hand 
corner of this figure is the variation in w P*/ q with distance upstream from the 

1 OD 

45 degree wedge* It should be noted that this prediction formula holds true only 
at a point corresponding to the mean location of the shock wave. On either side 
of the shock wave, the influence of the shock diminis.'es rapidly due to its small 
displacement such that the environment is basically either attached or separated 
flow with some low frequency intermittency due to the shock wave. It is convenient 
to refer to these regions as non-homogeneous attached and separated flows and they 
will be discussed later in Section 2.4. 
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Cross-Power Spectra 

Very little data has been published in the form of cross-power spectra of fluctuating 
pressures beneath oscillating shod .^cn/es. Because oscillatinc shock waves at a give.i 
flight condition are confined to relatively small areas of the vehicle surface. It Is 
extremely difficult to define the spatial characteristics of the attendant fluctuating 
pressures. Fluctuating pressures in the vicinity of tl’e shock wave are highly non- 
homogeneous; although they do appear to be related in both spectral shape and 
spatial coherence. The only significant results or :e spatial coherence of fluctuating 
pressures in the vicinity of shock-waves are those by Coe and Rechtien (Reference 20) 
Their data indicate that the fluctuating pressures generated by the shock wave are 
related only at frequencies ':>elow f 8 /u = 0.08 for the region Immediately 

downstream of the mean location of the shock wave (Figure 14). For the region 

immediately upstream of the shock-wave, a smull degree of coherence is also evident 

in this frequency range as well as at f 8 /U > 0.2. A comparison of the power 

0 / 0 

spectra and coherence function shows some very interesting characteristics of shock- 

induced fluctuating pressures. First, the power spectra of fluctuating pressures on 

each side of the poak level point show large low frequence energy which can be 

identified c;s having the same basic characteristics as the shock wave spectrum for 

f5 ,/u < 0.08. This is confirmed by the coherence of the data over the same 

0 / 0 

frequency range (f6 /u < 0.08 ). For f6 /U > 0.08, power spectra 
\ 0 / 0 / 0/0 

immediately upstream and downstream of the shock wave show spectral characteristic? 

identical to attached turbulent boundary layer and separated flow, respectively. Thus, 

for f 6 /U > 0.8 , the soatiol correlotion of fluctuating pressure immediately u''- 
0/0 

stream of the peak should be characteristic of attached flow; whereas, ir..nediately 
downstream of the peok they should be chorocteristlc of separated flow. However, 
when the spatial correlotion is normalized by the power spectral densities to obtain 
the coherence function, this coherence appears to be minimized due to the large 
spectrum level Sr the point of peak fluctuating pressure. Further discussion on this 
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choracreristic will be given later in the section on non-homogeneous attached and 
separated flows. 

The spatial decay of the low frequency, shock induced fluctuating pressure in the 
longitudinal direction as shown in Figure 14 may be represented by an exponential 
coherence function as follows: 



A comparison of this empirical prediction with experimental dota is nresented in 
Figure 14. It should L»« noted that, a* separation distance is increased, the above 
formula fails to account for the low coherence at low frequencies. However, 
because the large non-homogeneous effects associated with the flow in close proximity 
of the shock wave, the application of classical statistical methods to define the spatial 
characteristics for large separation distances may be questionable. Thus, for regions 
under the peak, Equation 24 is felt to be an accurate representation of the spatial 
characteristics of the fluctuating pressures in the longitudinal direction. 

The longitudinal co -spectra may be written: 

-40 f6„/u„ f6 

C ( C » f) = ® cos 2n - Q- - - (25) 

u 

Published data is not available on the transverse spatial characteristics of shock-induced 
fluctuating pressures. However, it is anticipated that these disturbances will be 
reasonably correlated over much larger distances in the transverse direction than in 
the longitudinal direction because of the continuity of the shock wave in the plane 
normal to the flow. 
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2,4 Non-Homogeneous Attached and Separated Flows 

Non-homogeneous attached and separated flows ore defined as environments which 
are basically attached or separated; however, the statistical properties of their attendant 
fluctuating pressures vary with spatial location. Examples to be considered herein are 
attached and separated flows immediately upstream and downstream of oscillating shock 
waves, respectively. The non-homogeneity may result from intermittency of the shock 
wave oscillation or from a more basic modification to the turbulence structure of attached 
and separated flow due to the motion of the shock wave. The variations in both the 
overall level and power spectra with position relative to the shock wave are evident 
in Figure 13. These data are shov/n in comparison with homogeneous attached and 
separated flow data to illustrate the presence of low frequencv energy due to the 
shock wave. Again, basic characteristics of the overall levels, power spectra, ond 
cross-power spectra will be discussed for the purpose of defining empirical prediction 
techniques for the non -homogeneous attached and separated flows. 

Overall Levs! 

The overall fluctuating pressure .evels for attached and separated flow in close 
proximity to an oscillating shock wave are bounded on the low side by the levels of 
fluctuating pressures corresponding to homogeneous environments and are bounded on 
the high side by the peak fluctuating pressures corresponding to shock wave oscillation. 

In essence, this means that the differences between the homogeneous and non-homogeneous 
fluctuating pressure levels may be attributed directly to fluctuating pressures induced by 
the oscillating shock wave for the case considered here. Thus, normalized fluctuating 
pressure levels for non-homogeneous flows may be defined as; 
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(27) 


where the subscripts and superscripts are defined as follows: 

Subscripts A - attached flow 

S - separated flow 

SW - shock wave 

Superscripts H - homogeneous condition 

NH - non-homogeneous condition 

Under the assumption of statistical independence between the various sources, i.e., 
attached flow, separated flow and shock wave oscillation, the fluctuating pressure 
levels may be expressed as: 



where c and c are weighting functions less ihon 1 ,0, which represent the con- 
1 2 

tribution of the shock wave to the overall fluctuating pressure level. The values of 

c and c vary with spatial location relative to the shock wave and therefore, are 
I 2 

difficult to predict. However, the above method of representation is useful In the 
prediction of power spectra for non-homogeneous flows as will be shown in the next 
section . 
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Power-Specfra 

To predict the power spectro for non -homogeneous flows, a prior knowledge of the 
overall fluctuating pressure levels is required. Under the assumption of statistical 
independence between the various contributing sources, the power spectra for non^ 
homogeneous environments may be written as the summation of power spectra of the 
contributing sources. Using the same symbolic representation as for the overall level, 
the power spectra for non-homogeneous environments may be written as: 



From Equations 30 and 31 , c and c are given as 

1 2 



(32) 


\ 


\ ' 
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(33) 


To determine the power spectra for non -homogeneous attached flow os coused by 
shock wave oscillation in the vicinity of the attached flow region. Equations 2, 22, 
and 32 a>’e substituted into Equation 30, which gives a form nornalized by local 
conditions upstream of the shock v/ave: 
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Similarly, substitution of Equations 10, 22, and 33 into Equation 31, leads to the 
following expression for non -homogeneous separated flow; 



Comparison of these predictions with experimental measurements are shown in Figure 13. 
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Figure 1. Subsonic, Transonic, and Supersonic Flow Fields for Basic Vehicle Configurations 



Chyu and Honly (Ame$-Cylinder data; X/D = 7.9f Ref. 14 

Unpublished Ames-Tunnel Wall Data, Ref. 19 

Speaker and Ailman-Tunnel Wall data, Ref. 2 

Belcher - Flight data. Ref. 6 

Kistler and Laufer, Ref. 19 

Williams - Tunnel Wall Data, Ref. 13 

Bull, etal ., -Tunnel Wall data. Refs. 3 and 4 

Bull and Willis - Tunnel wall data. Ref. 19 

Willmarth and Roos-Tunnel wall data. Ref. 10 

Serafini-Tunnel wall data. Ref. 7 

Willmarth and Woolridge - Tunnel wall data. Ref. 16 

Unpublished XB-70 flight data. Ref. 19 

Maestrello-Tunnel wall data, Ref. 15 



Figure 2. Comparison of Pressure Fluctuation Measurements beneath Attached Flows 
by Various Investigators 
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Figure 4a. Narrow Band Longitudinal Space Correlation Coefficient 
for Boundary Layer Fluctuating Pressures 
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Figure 4b. Narrow Band Lateral Space Correlation Coefficient for 
Boundary Layer Fluctuating Pressures 
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Axiol Distributions of Fluctuating Pressures for Blunt Body Seporoted Flow; 
25 Degree Cone-Cy lind^- 'l?eference 18 i 
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Figure 8. Variation of Normalized RMS Fluctuating Pressure Level with Free-Stream Mach 
Number for Expansion Induced and Compression Induced Separated Flows 
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Strouhal No: f “ Bosed of’ Conditions Upstream of Shock Wave 


Figure 12. Comparison of Power Spectra for Shock-Wave Oscillation 
Induced by Two- and TJiree-Dimensional Protuberances 
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Strouhal No: ^ ^q/Uq — Based on Conditions Upstream of Shock Wave 

O Attached turbulent boundary layer 

^ Non-homogeneous attached turbulent boundary layer 

^ ^ Non-homogeneous separated flow 
n Shock wave oscillation 


Figure 13. Longitudinal Distribution of Pressure Fluctuations and Typical Power 

Spectra in Vicinity of Supersonic Flow Separation Ahead of a 45^ Wedge 





